Figure 1. Cell Cycle-Dependent Changes in Poly(A) Tail Length
(A) Sequences of the wild-type (wt) cyclin B1 3Ј UTR and a cyclin B1 3Ј UTR with mutated cytoplasmic polyadenylation elements (CPEs). The CPEs and mutated sequences are underlined, and the polyadenylation hexanucleotide elements are circled. (B) Aliquots of cycling extracts derived from activated Xenopus eggs were taken at 10 min intervals and immediately frozen. When all the aliquots assembled, they were thawed and supplemented with the 32 P-labeled cyclin B1 3Ј UTRs noted in (A). Following a 20 min incubation, the RNA was extracted and analyzed for polyadenylation on a denaturing polyacrylamide gel. Each aliquot was also examined for cyclin B1 accumulation by Western blotting and for MPF activity by histone H1 phosphorylation. Demembranated Xenopus sperm DNA was also added to the extract at the beginning of the cycling incubation period, and the morphology of this DNA in selected aliquots was examined by DAPI staining and fluorescence microscopy. The Multi-Analyst program was used to quantify RNA polyadenylation and cyclin B1 accumulation. (C) 32 P-labeled synthetic cyclin B1 3Ј UTRs, containing or lacking the CPEs, were posttranscriptionally appended with poly(A) tails up to 100 nucleotides in length and were added to aliquots of cycling extracts as described above. Following a further 20 min incubation, the RNA was extracted and analyzed as described above. For comparison, a CPE-containing cyclin B1 3Ј UTR that did not contain a poly(A) tail prior to addition to the extract was analyzed in an identical manner (ϪpA). The phase of the cell cycle was determined by a cyclin B1 Western and by MPF activity, and polyadenylation was quantified as described above. (D) Sequences and salient features of the 3Ј UTRs of cyclins A1 and B2 and wee1. (E) Aliquots of cycling extracts at S and M phases, as determined by H1 kinase activity and cyclin B1 accumulation, were tested for polyadenylation of the 3Ј UTRs noted in (D). Western blots were also probed for cyclins A1 and B2 and for wee1.
Following the activation of MPF during oocyte matura-B1 RNA or an identical RNA that had mutations in the CPEs and were examined for polyadenylation (Figures tion, CPEB undergoes a second round of phosphorylation that leads to the destruction of ‫%09-%08ف‬ of the 1A and 1B). Cyclin B1 3Ј UTR polyadenylation oscillated with the cell cycle, peaking at 10-20 min and 60-70 protein (Mendez et al., 2002) . The CPEB that remains stable is localized mostly to the animal pole of the mamin of incubation, which corresponded to M phase as demonstrated by high cyclin B1 protein levels, high MPF ture oocyte and also to animal pole blastomeres in the developing embryo. Within these blastomeres, CPEB as activity, and condensed chromatin. The RNA without a CPE was not polyadenylated at any time. well as Maskin is concentrated on spindles and centrosomes (Groisman et al., 2000) . The CPE-containing To determine whether cyclin B1 RNA also undergoes cell cycle-dependent deadenylation, cycling extracts RNAs cyclin B1 and Xbub3 are also localized to the mitotic apparatus. The injection of CPEB and Maskin were supplemented with the same RNAs that had first been appended with a ‫051ف‬ nucleotide poly(A) tail in antibodies into embryos inhibits cell division as well as cyclin B1 synthesis. While having no affect on cyclin B1
vitro. Figure 1C demonstrates that while there was little deadenylation activity during the first M phase (top gel, mRNA translation, a CPEB mutant protein that lacks a small microtubule binding domain disrupts cyclin B1 10-20 min), there was robust polyadenylation activity at that time (third gel). However, during the M phase to S mRNA and protein localization on the mitotic apparatus and impedes cell division. These data suggest that not phase transition as well as during S phase itself (30-60 min), there was strong deadenylation activity (top gel) only is cyclin B1 mRNA under CPEB-mediated translational control in embryos, but that this control is necesbut no poly(A) addition activity (third gel). During reentry into a second M phase (70-80 min), deadenylation was sary for cell division.
To examine the role of polyadenylation, CPEB, and inhibited while polyadenylation began (top and third gels). The CPE-lacking RNA deadenylated at all phases Maskin in the cell cycle, we employed extracts derived from Xenopus eggs that undergo cell cycle progression (second gel). Cyclin B1 levels (fourth gel) and H1 kinase activity (fifth gel) served as markers for the cell cycle. in response to calcium ionophore (Murray and Kirschner, 1989; Murray et al., 1989) . We find that the polyadenylaThese data demonstrate that cyclin B1 RNA undergoes polyadenylation during M phase and deadenylation durtion of cyclin B RNA is cell cycle regulated; it is low in S phase but robust at M phase. Deadenylation of this ing S phase ( Figure 1C , graph). To determine whether cyclin B1 mRNA is unique in RNA is also cell cycle controlled, but it is reciprocal to that observed for polyadenylation. Addition of CPEB its polyadenylation behavior during the cell cycle, we analyzed three additional CPE-containing mRNAs (Figantibody to the extracts prevents polyadenylation, inhibits cyclin B1 accumulation, and blocks cell cycling at S ure 1D). Cyclin A1 RNA underwent polyadenylation during M phase, which correlated with the highest level of phase. Maskin antibody, on the other hand, keeps cyclin B1 levels high and blocks cycling at M phase. While cyclin A1 protein ( Figure 1E ). Cyclin B2 mRNA was also polyadenylated at M phase, but very weakly, which CPEB levels do not change during the cell cycle, CPEB serine 174 phosphorylation occurs only at M phase, nonetheless was coincident with the highest level of cyclin B2 protein. Wee1 RNA never underwent any polysuggesting that Aurora activity or levels is also under cell cycle control. Moreover, Maskin accumulates at S adenylation, nor did wee1 protein levels oscillate with the cell cycle ( Figure 1E ). Although all of these RNAs phase, which is important for inhibiting cyclin B1 mRNA translation at this time. Importantly, both endogenous undergo polyadenylation during oocyte maturation, they do so with widely varying efficiencies; e.g., cyclin B1 and exogenous cyclin B1 proteins are synthesized robustly at M phase but inefficiently at S phase. These RNA polyadenylation is robust, whereas cyclin B2 RNA polyadenylation is weak (Sheets et 
Maskin Accumulation Is Cell Cycle Regulated
We next examined the amounts of CPEB and Maskin in Richter, submitted). On the other hand, both antibodies prevent cell division when injected into embryos, ala cycling extract. While CPEB levels did not change, Maskin oscillated with the cell cycle; it was lowest at M though the phase of the cell cycle at which the antibodies exert their effects is not known (Groisman et al., phase and highest at S phase, i.e., reciprocal to that of cyclin B1 ( Figure 3A ). This observation suggests that 2000). To investigate when Maskin activity is required for cell cycle progression, an extract was supplemented Maskin synthesis might be necessary to transition from M phase into S phase. To assess this hypothesis, we with affinity-purified Maskin antibody at the beginning of the cycling incubation period ( Figure 2B ). While IgG used an antisense oligonucleotide complementary to a region of Maskin mRNA that contains the initiation cohad little effect on cell cycling (gel groups 1 and 2), Maskin antibody arrested the cell cycle at M phase as don. The oligonucleotide also contained a morpholino modification, which inhibits translation by obstructing shown by constantly high cyclin B1 and MPF levels as well as condensed chromatin (gel group 3). As expected, the formation of the initiation complex and/or the pas-mRNA might be under translational control during the cell cycle.
Aurora-Catalyzed CPEB Phosphorylation Regulates Polyadenylation during the Cell Cycle
Polyadenylation oscillates with the cell cycle in the absence of any obvious change in the steady-state level of CPEB, suggesting that an upstream event might mediate CPEB activity during M phase. We therefore focused on CPEB serine 174, a residue whose phosphorylation by Aurora is essential for polyadenylation during oocyte maturation ( To confirm the identity of this phospho-peptide, a CPEB protein containing a ser174ala mutation was added to the extract, which was processed in an identical manner to that described above. This strates that when expressed as the ratio of CAT activity 5). These data show that the CPE-containing cyclin B1 3Ј UTR stimulates mRNA translation that drives the cell derived from the RNA containing versus lacking the 3Ј UTR, translation of the reporter was cell cycle regulated cycle into M phase. and was most robust at M phase, closely paralleling that of endogenous cyclin B1 (Western blot below histo-M Phase-Associated CPE-Dependent Polyadenylation in Xenopus Embryos gram). Immunostaining for tubulin served as a gel-loading control. The 3Ј UTRs appended to the CAT RNA and Mammalian Somatic Cells To assess whether the cell cycle-dependent polyadenylwere the same as those shown in Figure 1 , which indicates that only the reporter with the cyclin B1 3Ј UTR ation we observed in vitro also occurs in vivo, we injected fertilized eggs with the cyclin 3Ј UTRs, collected underwent polyadenylation. These data show that the cyclin B1 3Ј UTR confers a cell cycle-dependent translaembryos every 10 min thereafter, and examined polyadenylation as noted previously ( Figure 6A ). Polyadenytion that peaks at M phase.
The effect of CPE-dependent cyclin B1 mRNA translalation was detected 20-30 and 70-80 min after injection, which correlated with high H1 kinase activity. These tion on the cell cycle was also investigated. Extracts were treated with RNase A that was subsequently inactidata thus confirm the results obtained with the cycling extract. vated by RNasin (Murray and Kirschner, 1989). Several concentrations of cyclin B1 mRNA containing or lacking Finally, we determined whether CPE-dependent cytoplasmic polyadenylation occurs at M phase in mammaa 3Ј UTR with the CPEs were added; cyclin B1 protein and MPF activity were then analyzed ( Figure 5C ). While lian cells. MCF7 cells (a human breast cancer cell line) synchronized at G0 by serum starvation, at S phase by the RNase treatment eliminated most of the endogenous cyclin B1 protein in the extract (top graph), exogenous double thymidine block, and in M phase by nocadazol treatment were monitored by flow cytometry ( Figure 6B ) cyclin B1 mRNA containing the CPEs restored cyclin B1 accumulation (graphs 2-4). The RNA lacking the 3Ј UTR (the G0 fraction also contained cells in G1; the M fraction also contained cells in G2). The cells were used to predid not support cyclin B1 accumulation to a significant extent even at the highest concentration (5 g/ml).
pare cytoplasmic extracts, which contained low or undetectable amounts of the nuclear proteins TBP and Cyclin B1 mRNA with the 3Ј UTR also restored MPF activity to the extract while the control RNA was unable SP1, respectively (data not shown), and were supplemented with the cyclin B1 3Ј UTR containing or lacking to do so at comparable concentration ( Figure 5C , graph plasmic polyadenylation. Polyadenylation, through poly(A) binding protein, destabilizes the Maskin-eIF4E complex, leading to the association of eIF4G with eIF4E, the translation of cyclin B1 mRNA, the accumulation of cyclin B1 protein, and entry into M phase. Exit from M phase requires not only APC-targeted cyclin B1 destruction, but possibly also the inactivation and/or destruction of Aurora, the dephosphorylation of CPEB serine 174, and cyclin B1 mRNA deadenylation. The deadenylation and subsequent loss of poly(A) binding protein would theoretically then allow Maskin to reassociate with eIF4E and silence cyclin B1 mRNA.
This proposition brings up a number of issues that should be considered. First, Evans et al. (1983) showed by pulse labeling that cyclin synthesis occurs at a fairly constant rate following fertilization in the sea urchin. While our data are not consistent with these earlier results, we note that it is presently unclear whether sea urchin cyclin RNA undergoes CPE-dependent cytoplasmic polyadenylation.
Second, while general translation rates are low as mammalian cells enter mitosis (Fan and Penman, 1970), some specific mRNAs are translated robustly at this time. For example, the translation of ornithine decarboxylase (ODC) mRNA, which encodes the rate-limiting enzyme for the biosynthesis of polyamines, peaks twice phosphate, 1 l 4 g/l E. coli RNA, 1 l RNAguard, 1 l H 2 O, and The RNA in other extracts was digested with RNase A and then 1 l 32 P-labeled RNA. Following a 1 hr incubation at room temperatreated with RNasin as described (Murray and Kirschner, 1989) . ture, the RNA was extracted and analyzed on a denaturing polyacrylVarious concentrations of in vitro synthesized cyclin B1 mRNA conamide gel. taining or lacking a CPE-containing 3Ј UTR were added to these extracts, which was followed by incubation for 150 min. Cyclin B1 Acknowledgments accumulation and MPF activity were then assessed as described above.
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